on behalf of the DEFUSE Investigators Background-Studies evaluating predictors of tPA-associated symptomatic intracerebral hemorrhage (SICH) have typically focused on clinical and CT-based variables. MRI-based variables have generally not been included in predictive models, and little is known about the influence of reperfusion on SICH risk. Methods-Seventy-four patients were prospectively enrolled in an open-label study of intravenous tPA administered between 3 and 6 hours after symptom onset. An MRI was obtained before and 3 to 6 hours after tPA administration. The association between several clinical and MRI-based variables and tPA-associated SICH was determined using multivariate logistic regression analysis. SICH was defined as a Ն2 point change in National Institutes of Health Stroke Scale Score (NIHSSS) associated with any degree of hemorrhage on CT or MRI. Reperfusion was defined as a decrease in PWI lesion volume of at least 30% between baseline and the early follow-up MRI. Results-SICH occurred in 7 of 74 (9.5%) patients. In univariate analysis, NIHSSS, DWI lesion volume, PWI lesion volume, and reperfusion status were associated with an increased risk of SICH (PϽ0.05). In multivariate analysis, DWI lesion volume was the single independent baseline predictor of SICH (odds ratio 1.42; 95% CI 1.13 to 1.78 per 10 mL increase in DWI lesion volume). When early reperfusion status was included in the predictive model, the interaction between DWI lesion volume and reperfusion status was the only independent predictor of SICH (odds ratio 1.77; 95% CI 1.25 to 2.50 per 10 mL increase in DWI lesion volume). Conclusion-Patients with large baseline DWI lesion volumes who achieve early reperfusion appear to be at greatest risk of SICH after tPA therapy.
T he most feared complication of tissue plasminogen activator (tPA) therapy for acute stroke patients is symptomatic intracerebral hemorrhage (SICH). Gaining insight into the risk-factors that are associated with intracerebral hemorrhage may lead to interventions that reduce the risk of SICH and improve patient selection for acute stroke trials. Identification of SICH risk factors could be of particular importance in patients treated with tPA beyond the established 3-hour time-window as the overall benefit of tPA diminishes with increasing duration of the "symptom onset-to-treatment" time. 1 Several previous studies have investigated the relationship between clinical, radiological, and laboratory variables and SICH in tPA-treated stroke-patients. The potential role of MRI in predicting SICH after tPA has not yet been carefully examined because most previous studies did not have baseline MRI data on tPA-treated stroke patients. Similarly, the influence of early reperfusion on the development of SICH is poorly understood because early reperfusion data in acute stroke patients are relatively sparse. We were able to study these associations using data from the Diffusion and Perfusion Imaging Evaluation For Understanding Stroke Evolution (DEFUSE) study in which multimodal MRI was obtained both before and soon after tPA therapy. Specifically, this substudy of DEFUSE aims to identify independent baseline predictors (both clinical and MRI-based) of SICH and evaluate whether reperfusion plays a role in the development of SICH.
Methods
Data were included from all patients enrolled in the Diffusion and Perfusion Imaging Evaluation For Understanding Stroke Evolution (DEFUSE) study. 2 This is a multi-center open-label study of intravenous tPA administered during the 3-to 6-hour time-window after stroke onset. Details of the study design and results of the primary hypotheses have been reported previously. 2 Briefly, patients were eligible if they had a clinical syndrome consistent with stroke, a National Institutes of Health Stroke Scale Score (NIHSSS) Ͼ5, and no evidence of acute hemorrhage or clearly identifiable hypodensity involving more than 1/3 of the MCA distribution on pretreatment CT. Enrolled patients underwent an MRI, including diffusionweighted imaging (DWI) and perfusion-weighted imaging (PWI), before and 3 to 6 hours after tPA administration (0.9 mg/kg). Patients who developed worsening of 2 or more points on the NIHSS underwent an urgent CT or MRI. If any degree of brain hemorrhage was detected, an independent Data Safety and Monitoring Board (DSMB) reviewed the clinical and imaging data. The DSMB classified symptomatic hemorrhages as "minor" if they were associated with 2 to 3 points of worsening on the NIHSS within 36 hours of tPA administration and "major" if they were associated with 4 or more points of worsening within 36 hours of tPA administration. For all patients who had a SICH, the baseline CT scan was read by a blinded neuroradiologist (M.P.M.) to determine whether there was clearly identifiable hypodensity involving more than 1/3 of the middle cerebral artery (MCA) territory. The study protocol was approved by the local institutional review board at each participating center.
Baseline variables that were obtained for each patient included: age, gender, history of cardiac disease, smoking, diabetes, stroke/ TIA, hypertension and hyperlipidemia, time to treatment, serum glucose, platelet count, systolic blood pressure at admission, diastolic blood pressure at admission, NIHSSS, DWI lesion volume, and PWI lesion volume. Reperfusion was defined according to predetermined DEFUSE study criteria as a reduction of PWI lesion volume between the baseline and follow-up MRI of at least 10 mL and at least 30%. Only patients who had technically adequate baseline and follow-up PWI scans were included in the reperfusion analysis. Patients who had a PWI lesion volume Ͻ10 mL at baseline were excluded from the reperfusion analysis as these patients, by definition, could not achieve reperfusion. The method for assessing MRI lesion volumes has been described previously. 2 Differences in baseline characteristics between patients with and without SICH were assessed using the t test for continuous variables with a normal distribution, the Wilcoxon rank-sum test for variables that are not normally distributed, and the chi-square test for categorical variables. The association between reperfusion (present or absent) and SICH was determined with the chi-square test. Variables that reached a PϽ0.1 in univariate analysis were included in a multivariate forward stepwise regression analysis. Two separate models were generated. The first model included only baseline variables. A second model included both baseline variables as well as interaction terms between each of the baseline variables and reperfusion status. Separate models were constructed with any SICH and major SICH as the dependent variable. Variables were deemed statistically significant in the multivariate model at a PϽ0.05. All statistical analyses were performed in SPSS version 13.0.
Results
Seven of the 74 patients (9.5%) experienced a SICH (4 major and 3 minor). Three of the 4 major SICH patients (75%) died. Two died during the acute hospitalization and 1 at 109 days. Of the 3 patients with minor SICH, 1 died (33%).
The Table displays the baseline variables for patients who developed SICH and for patients who did not. NIHSSS, PWI lesion volume, and DWI lesion volume are significantly different between these 2 groups (PϽ0.05). In addition, rate of reperfusion between the baseline and 3-to 6-hour follow-up MRI scan (early reperfusion) was greater in patients with SICH than in those without (Pϭ0.04). When only baseline variables were entered into the multivariate logistic regression model, DWI lesion volume was the only independent predictor of SICH (odds ratio 1.42; 95% CI 1.13 to 1.78 per 10 mL change in DWI lesion volume). This was also the case when the analysis was limited to patients with major SICH (odds ratio 1.52; 95% CI 1.14 to 2.03 per 10 mL change in DWI lesion volume). When baseline variables, reperfusion status, and the interaction terms between baseline variables and reperfusion status were included, the interaction between baseline DWI lesion volume and reperfusion status remained as the single independent risk factor of any SICH (odds ratio 1.77; 95% CI 1.25 to 2.50 per 10 mL change in DWI lesion volume) and major SICH (odds ratio 1.90; 95% CI 1.21 to 3.00 per 10 mL change in DWI lesion volume). Patients with major SICH typically had baseline DWI volumes Ͼ90 mL. The only exception was a patient who developed SICH during a carotid endarterectomy performed the day after the stroke (see Figure) . Both major and minor hemorrhages occurred almost exclusively in patients who experience early reperfusion. (see Figure) The baseline DWI volumes in the 4 patients with major SICH were 105, 103, 94, and 22 mL; the volumes in the 3 patients with minor SICH were 65, 34, and 12 mL. Only 1 of the baseline CT scans of patients with SICH showed evidence of clearly identifiable hypodensity involving more than 1/3 of the MCA territory. This patient had a major hemorrhage 4 hours after tPA treatment and died on day 1.
Discussion
In the DEFUSE study population, DWI lesion volume was the single independent baseline predictor of SICH among multiple clinical and laboratory baseline variables assessed. In addition, there was a significant interaction between DWI volume and early reperfusion, indicating a synergistic effect between DWI lesion volume and early reperfusion on the risk Early reperfusion* 83% 35% 0.04 *Reperfusion status was assessed in 44 patients (6 patients with SICH and 38 patients without SICH). In 10 patients it could not be assessed because either the baseline or the follow-up PWI was technically inadequate, and in 20 patients it could not be assessed because the baseline PWI lesion volume was Ͻ10 mL and therefore, by definition, reperfusion could not be assessed.
of SICH; patients who had large DWI lesion volumes and achieved early reperfusion were at particularly high risk of SICH.
The following variables have been identified as independent risk factors for SICH after thrombolysis in previous studies: Early infarct signs on pretreatment CT, 3-8 elevated serum glucose or history of diabetes, 4 -6,9 -11 symptom severity, 7, 12 advanced age, 8 increased time to treatment, 11 high systolic blood pressure, 13 low platelet count, 4 history of congestive heart failure, 8 and low plasminogen activator inhibitor (PAI-1) levels. 14 Our finding that DWI volume is an independent predictor of SICH is in accord with previous reports that have shown that the extent of early infarct signs on CT is a predictor of SICH because both large DWI lesions and widespread CT hypodensity are markers of the volume of severe cerebral ischemia. As none of the previous studies obtained MRI data before tPA administration, it is unknown whether the variables that were identified as independent predictors of SICH in those studies would have remained as independent predictors if DWI and PWI lesion volume had been included in the predictive models. Because DEFUSE excluded patients with hypodensity involving more than 1/3 of the MCA territory on CT, we are unable to assess the influence of major early infarct signs on CT in this study. Of note, only one of the DEFUSE SICH patients was found in retrospect to have major early infarct signs on the baseline CT (a protocol violation).
Our results are in accord with a study by Selim et al, who demonstrated that the volume of the baseline DWI lesion with ADC Յ550ϫ10 Ϫ6 mm 2 /s is an independent predictor of any postthrombolysis hemorrhage. 15 There are several differences between our study and Selim's; we restricted our analysis to patients with SICH, we included baseline PWI data and reperfusion data in the predictive model, all patients in the DEFUSE study were treated in the 3-to 6-hour time-window, and we did not quantify the ADC values of the DWI lesion in this study. Selim's finding that the depth of ischemia measured by ADC values may be important in predicting hemorrhagic transformation after thrombolysis is in agreement with another study that showed an association between low ADC and hemorrhagic transformation in stroke patients not treated with thrombolysis. 16 The aim of this study was to evaluate the predictive value of baseline clinical and easily obtainable baseline MRI variables (DWI and PWI lesion volumes). A separate study is underway to determine whether quantitative ADC data and PWI severity parameters can be used to refine the prediction of SICH as well as any hemorrhage (hemorrhagic transformation and SICH) after tPA.
Little is known about the relationship between reperfusion and the development of SICH in patients treated with intravenous tPA. It has been postulated that reperfusion-related damage to the ischemic microvasculature may contribute to SICH risk. 17, 18 Our findings support this view as reperfusion, particularly in patients with large baseline DWI lesion volumes, was associated with an increased SICH risk. Studies of intraarterial thrombolytics have not demonstrated an increased risk of SICH in patients who recanalize; however, these studies did not include an assessment of baseline DWI volume. 10, 19, 20 Although our data require validation in future studies, it appears that exclusion of patients with large DWI lesion volumes could improve the safety and efficacy of reperfusion therapies in the 3-to 6-hour time-window.
